The cuticle is a complex aliphatic polymeric layer connected to the cell wall and covers surfaces of all aerial plant organs. The cuticle prevents nonstomatal water loss, regulates gas exchange, and acts as a barrier against pathogen infection. The cuticle is synthesized by epidermal cells and predominantly consists of an aliphatic polymer matrix (cutin) and intracuticular and epicuticular waxes. Cutin monomers are primarily C 16 and C 18 unsubstituted, v-hydroxy, and a,v-dicarboxylic fatty acids. Phenolics such as ferulate and p-coumarate esters also contribute to a minor extent to the cutin polymer. Here, we present the characterization of a novel acyl-coenzyme A (CoA)-dependent acyl-transferase that is encoded by a gene designated Deficient in Cutin Ferulate (DCF). The DCF protein is responsible for the feruloylation of v-hydroxy fatty acids incorporated into the cutin polymer of aerial Arabidopsis (Arabidopsis thaliana) organs. The enzyme specifically transfers hydroxycinnamic acids using v-hydroxy fatty acids as acyl acceptors and hydroxycinnamoyl-CoAs, preferentially feruloyl-CoA and sinapoyl-CoA, as acyl donors in vitro. Arabidopsis mutant lines carrying DCF loss-of-function alleles are devoid of rosette leaf cutin ferulate and exhibit a 50% reduction in ferulic acid content in stem insoluble residues. DCF is specifically expressed in the epidermis throughout all green Arabidopsis organs. The DCF protein localizes to the cytosol, suggesting that the feruloylation of cutin monomers takes place in the cytoplasm.
The cuticle is a complex aliphatic polymeric layer connected to the cell wall and covers surfaces of all aerial plant organs. The cuticle prevents nonstomatal water loss, regulates gas exchange, and acts as a barrier against pathogen infection. The cuticle is synthesized by epidermal cells and predominantly consists of an aliphatic polymer matrix (cutin) and intracuticular and epicuticular waxes. Cutin monomers are primarily C 16 and C 18 unsubstituted, v-hydroxy, and a,v-dicarboxylic fatty acids. Phenolics such as ferulate and p-coumarate esters also contribute to a minor extent to the cutin polymer. Here, we present the characterization of a novel acyl-coenzyme A (CoA)-dependent acyl-transferase that is encoded by a gene designated Deficient in Cutin Ferulate (DCF). The DCF protein is responsible for the feruloylation of v-hydroxy fatty acids incorporated into the cutin polymer of aerial Arabidopsis (Arabidopsis thaliana) organs. The enzyme specifically transfers hydroxycinnamic acids using v-hydroxy fatty acids as acyl acceptors and hydroxycinnamoyl-CoAs, preferentially feruloyl-CoA and sinapoyl-CoA, as acyl donors in vitro. Arabidopsis mutant lines carrying DCF loss-of-function alleles are devoid of rosette leaf cutin ferulate and exhibit a 50% reduction in ferulic acid content in stem insoluble residues. DCF is specifically expressed in the epidermis throughout all green Arabidopsis organs. The DCF protein localizes to the cytosol, suggesting that the feruloylation of cutin monomers takes place in the cytoplasm.
The cuticle, a complex polymeric layer connected to the cell wall of epidermal cells, covers the surfaces of all aerial plant organs. The cuticle prevents nonstomatal water loss, regulates gas exchange, acts as a barrier against pathogen infection, and prevents organ fusions (Lolle et al., 1998; Sieber et al., 2000) . The plant cuticle is synthesized by epidermal cells and predominantly consists of a lipophilic polymer matrix (cutin) and intracuticular and epicuticular waxes. Cutin monomers are primarily aliphatic C 16 and C 18 unsubstituted, v-hydroxy, and a,v-dicarboxylic fatty acids. Polyhydroxy fatty acids, fatty alcohols, phenolic acids such as ferulic and p-coumaric acid, and glycerol may also contribute to cutin composition in different plant species (Baker and Martin, 1963; Kolattukudy, 1980; Pollard et al., 2008; Samuels et al., 2008; Schreiber, 2010) .
In Arabidopsis (Arabidopsis thaliana), several enzymes have been identified to be involved in cutin monomer synthesis and polymerization processes, such as glycerol-3-phosphate acyl-transferases 4 and 8 (Li et al., 2007) , Bodyguard (Kurdyukov et al., 2006) , and Defective in Cuticular Ridges (DCR), a BAHD family enzyme involved in cutin polyester synthesis in Arabidopsis roots, flowers, and seeds. DCR mutant lines are characterized by an almost complete lack of 9 (10),16-dihydroxy-hexadecanoic acid, a major component of the flower cutin polymer, accompanied by several cuticle-associated phenotypic alterations in response to abiotic stresses (e.g. impaired salinity and osmotic stress response; Panikashvili et al., 2009) . DCR encodes a diacylglycerol acyl-transferase that catalyzes the formation of triacylglycerol from diacylglycerol using acylCoA as the acyl donor in vitro (Rani et al., 2010) .
Recently, another Arabidopsis BAHD family member, Hydroxycinnamoyl-CoA:v-Hydroxyacid O-Hydroxycinnamoyl-Transferase (HHT)/Aliphatic Suberin Feruloyl-Transferase (ASFT), was identified and shown to be involved in the acyl-CoA-dependent feruloylation of aliphatic suberin monomers in Arabidopsis roots and seeds. Suberin represents another plant polymer composed of polyesters and aromatics. Compared with cutin, suberin has a more complex monomer composition and is structurally different. Suberin is predominantly found in internal cell walls in underground organs and some other organs (Kolattukudy, 1980) . The HHT/ASFT enzyme has been demonstrated to catalyze the synthesis of 16-feruloyl-palmitic acid by the use of feruloyl-CoA as acyl donor and 16-hydroxy-hexadecanoic acid (16-hydroxy-palmitic acid) as acyl acceptor in vitro Molina et al., 2009) .
In Arabidopsis, the acyl-CoA dependent acyltransferase (BAHD) protein family consists of 55 to 61 members and, based on sequence similarity, can be divided into five distinct clades ). The BAHD family comprises functionally divergent enzymes. The conserved HXXXD and DFGWG motifs are characteristic for almost all family members. So far, most of the characterized enzymes can be categorized into three functional classes: alcohol acetyl-transferases (Dudareva and Pichersky, 2000; D'Auria et al., 2002 D'Auria et al., , 2007a , anthocyanin/flavonoid acyl-transferases (Suzuki et al., 2001; D'Auria et al., 2007b; Luo et al., 2007; Yu et al., 2008; Taguchi et al., 2010) , and hydroxycinnamoyltransferases (Luo et al., 2009; Gou et al., 2009; Molina et al., 2009) .
Here, we present the characterization of a novel BAHD family enzyme, Defective in Cutin Feruloylation (DCF), involved in the feruloylation of v-hydroxy fatty acids incorporated into the cutin polymer of aerial Arabidopsis organs. Mutant lines carrying loss-of-function alleles of DCF are devoid of cutin ferulate in rosette leaves and exhibit about 50% reduction in ferulate content in insoluble residues derived from the stem. DCF is specifically expressed in epidermal cells throughout all green Arabidopsis organs. The DCF protein localizes to the cytosol, suggesting that the feruloylation of cutin monomers takes place in the cytoplasm. The enzyme transfers hydroxycinnamic acids using v-hydroxy fatty acids as acyl acceptor and hydroxycinnamate-CoAs as acyl donors in vitro.
RESULTS

Hydroxycinnamate Contents in Arabidopsis Aerial Organs and the Identification of Ferulic Acid-Deficient Mutants
To elucidate the contents of ester-bound hydroxycinnamic acids, specifically ferulic and p-coumaric acid, we prepared cell walls from various Arabidopsis aerial organs. Saponification and ethyl acetate extraction of total cell wall preparations and subsequent HPLC analysis revealed the highest ferulic and p-coumaric acid contents in fully expanded rosette leaves derived from vegetative stage plants (46 6 2 and 27 6 2 nmol g 21 dry residue) and top parts of inflorescence stems (54 6 1 and 57 6 1 nmol g 21 dry residue). Lower ferulic and p-coumaric acid amounts were released from extracts derived from middle (39 6 1 and 29 6 1 nmol g 21 dry residue) and bottom (39 6 1 and 25 6 1 nmol g 21 dry residue) parts of inflorescence stems and leaves of reproductive stage plants (20 6 1 and 37 6 1 nmol g 21 dry residue; Table I ). Hitherto, all characterized plant hydroxycinnamoyl-transferases belonged to the HXXXD-type acyltransferase (BAHD family) gene family. To identify the Arabidopsis hydroxycinnamoyl-transferases responsible for the incorporation of ferulic and p-coumaric acid into the plant cell wall, we performed a systematic screen of T-DNA insertion lines in BAHD familyencoding genes for a reduction in ferulic acid or p-coumaric acid contents in leaf cell wall preparations. Consequently, two mutant lines comprising independent T-DNA insertions in the same genetic locus (At3g48720) were identified with strongly reduced ferulic acid release from rosette leaf extracts, whereas p-coumaric acid amounts were substantially unaltered compared with wild-type plants. Based on a subsequent detailed characterization, the gene was named DCF.
Loss of DCF Expression Results in Ferulate Deficiency of Arabidopsis Cell Walls
The two DCF mutant alleles, dcf-1 (Salk_040807) and dcf-2 (Sail_513_C03), carrying a T-DNA insertion either in the second exon or the only intron were identified in 
Leaf VS 46 6 2 27 6 2 5 6 1*** 23 6 3 208 6 4*** 28 6 2 101 6 3*** 25 6 2 144 6 7*** 27 6 1 Leaf FS 20 6 1 37 6 1 12 6 1** 39 6 2 76 6 4** 35 6 3 9 06 5** 39 6 2 6 76 3** 47 6 1** Stem bottom 39 6 1 25 6 1 20 6 2** 20 6 5 49 6 1** 42 6 2** 55 6 1** 29 6 2 4 66 1** 27 6 2 Stem middle 39 6 1 29 6 1 19 6 1** 28 6 1 63 6 2** 51 6 2** 72 6 3** 38 6 1* 57 6 2** 31 6 3 Stem top 54 6 1 57 6 1 23 6 1*** 57 6 3 111 6 2*** 81 6 5** 109 6 1*** 77 6 2** 102 6 2*** 77 6 1** the SIGnAL (Alonso et al., 2003) and Syngenta (McElver et al., 2001) collections. Plants carrying homozygous insertions were identified by PCR. The effects of the T-DNA insertions on mRNA expression levels were examined using reverse transcription (RT)-PCR. No DCF transcripts were detected in homozygous dcf-1 and dcf-2 individuals, which is indicative of a loss of function of the DCF gene in the corresponding mutant lines (Fig. 1A) . None of the mutant lines showed any morphological and developmental phenotypic alterations under standard growth conditions compared with ecotype Columbia (Col-0) wild-type plants and quartet1 (qrt1) (genetic background line for dcf-2). However, ferulic acid contents in total cell wall hydrolysates from rosette leaves of vegetative stage plants were significantly (P , 0.01) reduced to 11% and 12% of the wildtype level in dcf-1 and dcf-2, respectively ( Fig. 1B ; Table  I ). In inflorescence stems and rosette leaves of reproductive stage plants, significant reductions of 40% to 60% in ferulic acid contents were observed ( Fig. 1B ; Table I ). In contrast, p-coumaric acid, the second predominant hydroxycinnamic acid detected by HPLC, was only slightly reduced, by 15% (P , 0.13), in rosette leaf extracts of vegetative stage plants and was unaltered in cell wall preparations derived from Arabidopsis organs of reproductive stage plants (Fig. 1B) .
Ferulate Deficiency in dcf Mutants Affects the Cutin Polyester
To determine the cell wall component affected by ferulic acid deficiency, we sequentially extracted extensively delipidated insoluble cell wall residues with cyclohexane diamine tetraacetic acid (CDTA) and sodium carbonate solutions to release pectins. This was followed by endo-b-xylanase treatment to release xylans and driselase to release the remaining cell wall sugars. The corresponding fractions we hydrolyzed separately, and in agreement with Gou et al. (2009) , we did not detect significant amounts of ferulic or p-coumaric acid released in any of those hydrolysates. Only saponification or depolymerization of the remaining insoluble residue released ferulic and p-coumaric acid or their methyl derivatives, respectively. Consistent with this observation, no significant differences in ferulic acid and p-coumaric acid release were observed when comparing acid-catalyzed depolymerization of carbohydrate-free residues with base hydrolysis of total cell wall residues (Fig. 2) . Taken together, these results strongly indicate that the insoluble cutin polymer is the only source of esterified ferulic and p-coumaric acids in Arabidopsis leaf tissue. In Arabidopsis stems undergoing secondary growth, hydroxycinnamoyl esters of suberin may also contribute to this pool.
In delipidated, carbohydrate-free cell wall residues from Col-0 and qrt1, two major peaks were apparent upon acid-catalyzed depolymerization and subsequent HPLC analysis (Fig. 1C) (Fig. 1D) . In contrast to the wild type, in leaf extracts derived from B, Ferulic-and p-coumaric acid contents of leaf and stem tissue of dcf mutants compared with the Col-0 and qrt1 wild types. Values represent means 6 SD of at least three biological replicates. Significant differences between mutant and parental lines are indicated (Student's t test; *** P , 0.001, ** P , 0.01, * P , 0.05). FS, Flowering stage; VS, vegetative stage. C, Representative HPLC profiles of phenolics released upon depolymerization of wild-type (Col-0) and dcf mutant derived delipidated residues. mAU, Milliabsorbance units. D, Mass spectrum and chemical structure of compound B corresponding to methylferulate.
dcf-1 and dcf-2 mutants, the methyl-ferulate peak was barely detected, whereas the corresponding methyl-pcoumarate peak was essentially unchanged (Fig. 1C) .
To investigate the effect of the lack of ferulate in dcf mutants on cutin lipid monomer composition, we analyzed delipidated extractive-free residues after acid-catalyzed depolymerization using gas chromatography-mass spectrometry (GC-MS). Except for the expected absence of the methyl-ferulate peak in dcf mutants, GC-MS analyses of lipid monomers revealed a slight increase in saturated and monounsaturated a,v-dicarboxylic acid contents in dcf mutants compared with the respective background lines and a corresponding slight decrease in 16:0 fatty acids (Fig. 3) . The content of 16:0 v-hydroxy acids was unchanged (Fig. 3) . Despite the slight alterations in lipid monomer composition, these data suggest that the DCF protein predominantly functions in ferulic acid incorporation into the cutin polymer.
DCF Expression Is Restricted to the Epidermis of Aerial Organs
The expression patterns of DCF in various tissues such as roots, seedlings, and rosette leaves, different parts of inflorescence stems, inflorescences, and siliques at different developmental stages were assessed by quantitative (q)RT-PCR. DCF transcripts were exclusively detected in green tissues, with the highest amounts in the upper part of inflorescence stems. Strong expression was apparent in 10-d-old seedlings, expanding and mature rosette leaves (Fig. 4A) , inflorescences, and siliques at 4 to 6 d post anthesis (DPA). Lower expression levels were detected in middle and bottom parts of inflorescence stems and in siliques containing seeds at 6 to 8 DPA. Almost no transcripts were detected in maturing siliques at 8 to 12 DPA, and no expression was detected in root tissue (Fig. 4A ).
To gain better spatially and developmentally resolved information on DCF expression, we stably expressed a translational fusion protein carrying a C-terminal yellow fluorescent protein (YFP) tag driven by the DCF promoter in Arabidopsis. Consistent with the qRT-PCR data, the DCF-YFP protein was only detected in green tissue such as stem and leaf but not in root. In plants at the vegetative stage, DCF-YFP was predominantly expressed in the cotyledons of 10-d-old seedlings as well as in expanding (approximately 50% of final size) and mature leaves (Fig. 4B ). Only Figure 2 . Ferulic-and p-coumaric acid amounts released upon base hydrolysis of total cell wall (CWM) preparations and acid-catalyzed depolymerization of delipidated, carbohydrate-free insoluble residues (IR). Values represent means 6 SD of at least three biological replicates. Significant differences between mutant and parental lines are indicated (Student's t test; ** P , 0.01). Figure 3 . Lipidic polyester monomer composition of wild-type and dcf mutant leaves. Delipidated residues were depolymerized with methanolic hydrochloric acid, and released monomers were analyzed by GC-MS. Values represent means 6 SD of at least three biological replicates. Significant differences between mutant and parental lines are indicated (Student's t test; * P , 0.05).
low YFP signals were apparent in emerging rosette leaves (approximately 10% of final size). During the reproductive stage, expression was apparent in inflorescence stems, which continuously decreased from top to bottom, developing siliques, and flower pedicels (Fig. 4B ). Cross-sections through different parts of inflorescence stems and mature rosette leaves revealed an epidermis-specific expression pattern of the DCF protein, indicating a function in cuticle synthesis and development (Fig. 4B ).
Our results obtained by qRT-PCR and analysis of DCF pro :DCF-YFP-expressing plants are substantially supported by microarray hybridization data, which suggest exclusive DCF expression in aboveground organs as well as epidermis-specific expression in upper parts of Arabidopsis inflorescence stems (Schmid et al., 2005; Suh et al., 2005; Winter et al., 2007) .
DCF Is a Cytosolic Protein
The DCF protein is predicted not to possess any transmembrane domain or known targeting sequence . To experimentally investigate the subcellular localization of DCF, we analyzed DCF-YFP fusions stably expressed and driven by the native DCF promoter in Arabidopsis. As shown in Figure 5A , in DCF pro :DCF-YFP-expressing plants, YFP signals originated from all over the cell, indicative of a cytosolic localization. Strong YFP signals were also observed possibly originating from cell walls, plasma membrane, or the intercellular space. However, plasmolysis experiments ( Fig. 5B ) and protein subcellular fractionations (see below) contradict this possibility.
To confirm our results on DCF-YFP subcellular localization, we separated plant protein extracts derived from transgenic Arabidopsis lines expressing the DCF protein with a C-terminal hemagglutinin (HA) tag driven by its native promoter into cytosolic and microsomal fractions. As shown in Figure 5C , DCF was detected in the cytosolic fraction, and almost no signals were observed in the microsomal fraction predominantly containing mitochondria-and Golgi- localized as well as membrane proteins. As a control, we used an antibody raised against Arabidopsis cytosolic fructose-1,6-bisphosphatase (cFBPase [cytosolic protein]; Strand et al., 2000) , which detects two cFBPase isoforms with molecular masses of 45 and 37 kD. The 37-kD cFBPase isoform was also present in the microsomal fraction, probably due to its high abundance. Calreticulin (CRT) as endoplasmic reticulum resident protein (Jia et al., 2009; Christensen et al., 2010) was exclusively detected with an anti-CRT antibody in the microsomal fraction with a molecular mass between 40 and 60 kD, consistent with the mass of Arabidopsis CRTs of about 48 kD. In conclusion, the lack of any known targeting sequence, our data obtained from DCF pro :DCF-YFP localization, as well as subcellular protein fractionations on DCF pro :DCF-HA-expressing plants provide strong evidence for a cytosolic localization of the DCF protein.
Recombinant DCF Functions as a Hydroxycinnamoyl-CoA: v-Hydroxy Fatty Acid Transferase
To establish its enzymatic characteristics, we heterologously expressed DCF as an N-terminal 63 His tag fusion protein in Escherichia coli. SDS-PAGE and immunoblot analysis of the affinity-purified protein revealed a predominant band of about 50 kD detected by Coomassie blue staining and by an anti-His antibody (Fig. 6A) , which is in agreement with the predicted molecular mass of 48.0 kD (plus an N-terminal His tag of 2.6 kD).
The recombinant protein was tested for hydroxycinnamoyl-CoA-transferase activity using feruloylCoA as acyl donor. As acyl acceptor, we provided 16-hydroxy-palmitic acid, the major v-hydroxy fatty acid incorporated into Arabidopsis cutin. The reaction products were analyzed by LC-APCI-MS and revealed a major product with a UV absorption spectrum similar to ferulic acid and a major molecular ion of 449.28 [M+H] + , which is consistent with the single positively charged molecular mass of 16-feruloylpalmitic acid of 449.28 D. Additional diagnostic fragment ions of m/z = 177.05 [feruloyl] + and m/z = 209.08 [ferulic acid methyl ester] + further confirmed the existence of a feruloyl residue in the identified compound (Fig. 6, D and E) . A side product, methylferulate, was detected resulting from the reactivity of DCF with methanol, the solvent we used for 16-hydroxy-palmitic acid in our transferase reaction setup. No similar products were detected in control reactions containing the heat-inactivated recombinant enzyme (Fig. 6C) . Temperature and pH profiles revealed that the DCF enzyme was most active at 50°C and at a pH of 7.5 (Fig.  6B) (Table II) . Short-chain primary alcohols were also used as acceptors, but also with only minor activities. No activity was observed with fatty acids lacking an v-hydroxy group, amines, monolignols, and shikimic acid (Table II) .
Besides feruloyl-CoA, the enzyme was also active with all other naturally occurring hydroxycinnamateCoAs provided as acyl donors. The affinity of the DCF protein for 16-hydroxy-palmitic acid when using sinapoyl-CoA as acyl donor (K m = 173 mM) was even higher than that observed when providing feruloylCoA as acyl donor (K m = 362 mM). Considerably lower catalytic activities were apparent with caffeoyl-CoA and p-coumaroyl-CoA (Table III) .
The determination of in vivo feruloyl-transferase activities in crude cytosolic leaf protein extracts using feruloyl-CoA as acyl donor and 16-hydroxy-palmitic acid as acceptor revealed almost no activity in dcf-1 (0.5%) and dcf-2 (0.6%) mutants compared with the respective wild types with corresponding activities set to 100% (Table IV) .
Introduction of a Functional DCF Restores the Mutant Biochemical Phenotype
To investigate whether the introduction of a functional DCF gene restores the biochemical dcf mutant phenotype, we transformed dcf-1 mutants with a construct (DCF pro :DCF-HA) expressing the DCF protein as a HA tag fusion under the control of the native DCF promoter. Transgenic lines were selected and analyzed for DCF expression by immunoblotting. Three independent lines revealing strong expression of the DCF protein were analyzed for ferulic acid content. As shown in Table I , ferulic acid contents in hydrolyzed 
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extractive-free residues were not only restored to the wild-type level but were up to five times higher with correspondingly elevated feruloyl-transferase activities in crude leaf protein extracts (Table IV) . These results further support the identity of DCF as a feruloyl-transferase and that a dysfunctional DCF in the dcf mutants is responsible for the reductions in ferulic acid contents in the cutin polymer.
DISCUSSION
In previous studies, ferulic acid has been established as the major aromatic constituent of Arabidopsis root and seed suberin involved in controlling ion uptake. Mutant lines defective in a BAHD family gene, HHT (alias ASFT), were shown to be almost devoid of root and seed suberin ferulate, resulting in an increased permeability of seed coats and root meristems to salts. The corresponding enzyme was proven to transfer ferulate from feruloyl-CoA to v-hydroxy fatty acids, specifically 16-hydroxy-palmitic acid, in vitro Molina et al., 2009) .
Despite certain significant structural differences, suberin and cutin both consist of a polyaliphatic domain predominantly composed of fatty acids, v-hydroxy fatty acids, primary alcohols, and a,v-dicarboxylic acids. Suberin also contains a polyaromatic domain consisting of C-C and ether-linked ferulate, p-coumarate, and sinapate, most likely cross-linking the aliphatic domain to cell wall polysaccharides (Kolattukudy, 1980 (Kolattukudy, , 2001 Franke et al., 2005; Pollard et al., 2008; Ranathunge et al., 2011) . In contrast to cutin, which is part of the cuticle covering the epidermis of aerial plant organs, suberin is primarily deposited on the inner face of primary cell walls in underground tissues like roots, in mature seed coats, and in aerial tissues that undergo secondary thickening (Kolattukudy, 1980; Pollard et al., 2008; Ranathunge et al., 2011) .
In suberin, aromatic hydroxycinnamyl esters typically constitute about 1% of the total monomers, whereas only a minor contribution of hydroxycinnamyl esters has been assumed for the cutin polymer (Pollard et al., 2008) . Indeed, in our studies, the average ferulic acid content in leaf and stem cell wall preparations was about 20 and four times lower compared with highly suberized roots and seeds, respectively (Gou et Gou et al. (2009) . In dcf mutants, we observed reductions of approximately 90% in ferulic acid content in essentially nonsuberized leaf tissue. In stems, only about a 50% reduction in wall-bound ferulate was evident. Gou et al. (2009) reported that hht/asft mutant stems exhibited a similar reduction of about 50% in ferulate content. This might result from essentially nonferuloylated suberin, and our results would argue that the remaining 50% originated from feruloylated cutin. However, to date, there is no histological or chemical evidence for the occurrence of suberin in Arabidopsis inflorescence stems. Thus, HHT/ASFT and DCF may also act redundantly in stem lipidic polymer feruloylation. Further studies have to be performed in order to determine whether both enzymes are expressed in the same tissue or if there might be a diffuse suberin in stems undergoing secondary growth that has been overlooked up to now.
Loss of DCF Function Does Not Affect Cutin Lipid Monomer Composition, Cuticle Permeability, and Susceptibility to Pathogens
In our dcf mutants, the lack of cutin ferulate was accompanied by slightly elevated levels of saturated and monounsaturated a-v-dicarboxylic acids, the major lipid monomers of Arabidopsis cutin (Schreiber, 2010) . A similar increase in dicarboxylic acids was also observed for hht/asft mutants defective in suberin ferulate ). The authors speculate that this might result from the increased availability of the precursor, the v-hydroxy fatty acids, which also seems to apply to our cutin ferulate-deficient mutants. The primary function suggested for the cuticle is to prevent nonstomatal water loss. Although dcf knockout mutants exhibit an almost complete loss in rosette leaf wall-bound ferulic acid, the plants displayed no obvious alteration with respect to the permeability of the cuticle as examined by toluidine blue absorption (data Table IV . Feruloyl-transferase activities in leaf cytosolic protein extracts derived from the Col-0 and qrt1 wild type, dcf mutants, and two independent lines expressing DCF as HA tag fusion proteins in the dcf-1 mutant background (DCF pro :DCF-HA/dcf-1)
Transferase activities were measured with feruloyl-CoA as acyl donor and 16-hydroxy-palmitic acid as acyl acceptor. Data represent means 6 SD of three biological replicates. Asterisks indicate significance (*** P , 0.001).
Sample
Relative Activity
% of wild type
Col-0 100 6 5 dcf-1 0.5 6 0.1*** qrt1 100 6 6 dcf-2 0.6 6 0.2*** DCF pro :DCF-HA/dcf-1 line 11 508 6 12*** DCF pro :DCF-HA/dcf-1 line 15 469 6 9*** not shown) and chlorophyll extraction assays (Supplemental Fig. S1 ), suggesting that cutin-bound ferulate does not affect structural and sealing properties of the cuticle in Arabidopsis.
A second important function of the cuticle is to be a protective barrier against pathogen infection (ReinaPinto and Yephremov, 2009 ). Arabidopsis mutants with cuticle defects were demonstrated to be resistant to pathogens like the necrotrophic fungus Botrytis cinerea (Bessire et al., 2007) . However, we did not observe any significantly altered response of dcf mutants against B. cinerea or the bacterial plant pathogen Pseudomonas syringae (Supplemental Fig. S2 ), which likely might be explained by the unaltered cuticle permeability. We also did not observe any differences in the feeding behavior of herbivores like larvae of the small cabbage butterfly (Pieris rapae) or adult flea beetles (Phyllotreta nemorum; Supplemental Fig. S3 ). Taken together, these data suggest that ester-bound ferulate in cutin does not play a significant role in conferring physiological functions, as reported for suberin ).
DCF Is a Hydroxycinnamoyl-CoA:v-Hydroxy Fatty Acid Transferase
The presence of feruloyl-transferases that transfer ferulate from feruloyl-CoA, as the acyl donor, to v-hydroxy fatty acids, as acyl acceptors, has been reported for several plant species, such as potato (Solanum tuberosum; Lotfy et al., 1994) , tobacco (Nicotiana tabacum; Lotfy et al., 1996) , and, most recently, Arabidopsis Molina et al., 2009) . Enzymatic activity assays of the recombinant DCF protein revealed similar activity for DCF as for hydroxycinnamoyl-transferase, with a preference for 16-hydroxy-palmitic acid as acyl acceptor and sinapoyl-CoA and feruloyl-CoA as acyl donors. Lower activity was observed with C 15 and C 17 v-hydroxy fatty acids. However, v-hydroxy acids with an odd number of carbon atoms have not been detected in Arabidopsis cutin and suberin (Franke et al., 2005) and therefore are unlikely substrates for the DCF protein in vivo. In our experiments, longer chain v-hydroxy fatty acids (C 20 , C 22 ) were not used or were not used or were used with negligible activity as substrates. Whereas 20 hydroxy-eicosanoic and 22-hydroxy-docosanoic acids have not been detected in Arabidopsis leaf cutin, they constitute, together with 16-hydroxy-palmitic acid, the major v-hydroxy fatty acid monomers in Arabidopsis root suberin (Franke et al., 2005) . Thus, it would be interesting to determine if the longer hydroxy fatty acids are substrates for HHT/ASFT or if only the promoter specificities of DCF and HHT/ASFT determine their specific functions in cutin or suberin synthesis.
DCF and HHT/ASFT are 60% identical in their amino acid sequences and share several common motifs, including the HXXXD motif, located at the active site of BAHD enzymes, and the structural C-terminal DFGWG motif (Ma et al., 2005 ; Supplemental Fig. S4 ). The catalytic properties of the recombinant DCF protein are similar to the reported HHT/ ASFT activities , except that DCF has a higher optimal temperature (50°C). This might emphasize its specific function within epidermal tissues of aboveground organs exposed to direct sunlight and the concomitant elevated temperatures in those tissues. Besides ferulate, we identified p-coumarate as the second predominant hydroxycinnamic acid esterified to aliphatic cutin monomers, similar to previously obtained results on suberin Molina et al., 2009) . Although HHT/ASFT and DCF were also active with p-coumaroyl-CoA as acyl donor in vitro, in both hht/asft and dcf mutants, the p-coumaric acid contents in suberin and cutin, respectively, were essentially unaltered. These data suggest a high specificity of HHT/ASFT and DCF for feruloyl-CoA as acyl donor in vivo and lead to the conclusion that there must be another hydroxycinnamoyltransferase responsible for p-coumarate transfer to suberin and cutin monomers in Arabidopsis. However, so far, we did not identify any p-coumaratedeficient mutants of BAHD family members within the DCF and HHT/ASFT clade (Supplemental Fig. S5) .
The presence of a feruloyl-transferase activity in Arabidopsis wild-type leaf protein extracts under exogenous supply of feruloyl-CoA, as the acyl donor, and 16-hydroxy-palmitic acid, as the acyl acceptor, and the absence of such activity in dcf mutant extracts strongly substantiate the function of DCF as hydroxycinnamoyl-CoA:v-hydroxy fatty acid transferase.
CONCLUSION
We identified and characterized a mutant almost devoid of ferulic acid in cutin polymers of Arabidopsis leaves. The corresponding gene, DCF, belongs to the BAHD superfamily. DCF expression is restricted to the epidermis of aerial organs, the place of cutin synthesis, and localized to the cytosol. We demonstrated that recombinant DCF acts as a hydroxycinnamoyl-CoA: v-hydroxy fatty acid transferase. The preferred acyl donors of DCF were sinapoyl-CoA and feruloyl-CoA, whereas 16:0 v-hydroxy fatty acid was the predominant acyl acceptor.
MATERIALS AND METHODS
Chemicals
If not otherwise indicated, chemicals were purchased from Sigma-Aldrich. 17-Hydroxy-heptadecanoic, 20-hydroxy-eicosanoic, and 22-hydroxy-docosanoic acids were purchased from Matreya. Hydroxycinnamate-CoAs were prepared as described previously (Rautengarten et al., 2010) .
Sequence Analysis
Amino acid sequences were retrieved using the BLAST algorithm (Altschul et al., 1990) at The Arabidopsis Information Resource (http://www.arabidopsis. org). Deduced amino acid sequences were aligned using the ClustalX program (Thompson et al., 1997) with the default parameter. The phylogenetic tree was calculated using the MEGA application (Tamura et al., 2007) with the neighbor-joining method, with bootstrap values generated from 1,000 bootstrap samples. Only bootstrap values higher than 70% were considered to be significant (Hillis and Bull, 1993) , and bootstrap values lower than 60% are not shown.
Plant Material and Plant Transformation
Arabidopsis (Arabidopsis thaliana) accession Col-0 and qrt1 mutant seeds were obtained from the Arabidopsis Biological Resource Center (http://abrc. osu.edu/). T-DNA insertion mutants (dcf-1, Salk_040807; dcf-2, SAIL_513_C03) were localized in the SIGnAL Salk (http://signal.salk.edu/) and Syngenta (McElver et al., 2001) 22°C and 60% RH/8 h of dark at 22°C and 60% RH). Arabidopsis plants were transformed using Agrobacterium tumefaciens GV 3101 pmp90 via the floral-dip method as described by Clough and Bent (1998) . For BASTA selection, seeds were germinated on soil as described above and sprayed every 2 d for a total of five times with a glufosinate-ammonium (Crescent Chemical) solution (40 mg mL 21 ). Resistant plants were transferred to new pots and further grown as described above.
Permeability and Pathogen Assays
Toluidine blue permeability assays on fully expanded rosette leaves were carried out according to Kurdyukov et al. (2006) . Chlorophyll leaching experiments were done according to Lolle et al. (1998) . In brief, two rosette leaves per sample (four samples per genotype) were immersed in 5 mL of 80% (v/v) ethanol in the dark. At the indicated time points, 200-mL aliquots were removed and chlorophyll content was determined by measuring the absorption at 664 and 647 nm. Botrytis cinerea pathoassays were carried out according to Manabe et al. (2011) . For treatments with Pseudomonas syringae, fully expanded leaves were infiltrated with diluted suspensions of P. syringae DC3000 containing 10E-6 cells mL 21 in 10 mM MgCl 2 . At least four leaves were harvested from each genotype at each time point, surface sterilized in 70% (v/ v) ethanol, and the bacterial growth inside the leaves was enumerated after extraction of the bacteria by maceration of the leaves followed by direct counting of the colonies after growth in nutrient yeast glycerol (NYG) medium containing 25 mg mL 21 rifampicin for 2 d at 28°C. White cabbage butterfly (Pieris rapae) eggs were purchased from Carolina Biological Supply Company. Eggs were placed on radish (Raphanus sativus) plants, and 2 d after hatching, caterpillars of equal size were transferred to 8-week-old rosette-stage Arabidopsis plants grown under short-day conditions as described above and weighed after 7 d of feeding. Flea beetle (Phyllotreta nemorum) feeding experiments were carried out according to Nielsen et al. (2001) .
Cloning Procedures
DCF (At3g48720) was cloned from cDNA prepared from Arabidopsis leaf RNA. The coding sequence without a native start or stop codon was PCR amplified using the following primer pairs: DCF-start + -fwd (5#-CACCATGGTCGCCTCATCTGAGTT-3#)/DCF-stop 2 -rev (5#-GATCTT-CATAAGCTCTTCAAACACTT-3#) and DCF-start 2 -fwd (5#-CACCGTCG-CCTCATCTGAGTT-3#)/DCF-stop + -rev (5#-TCAGATCTTCATAAGCTCT-TCA-3#). The resulting PCR products were introduced into the pENTR SD/D TOPO cloning vector (Invitrogen) according to the manufacturer's protocol. Their identities were verified by sequencing. For expression under the control of the native promoter as C-terminal translational HA tag and YFP-HA tag fusions, the corresponding promoter sequence (2.49 kb upstream of the ATG start codon) was PCR amplified from genomic DNA with the NotI linker (lowercase letters) using DCF pro -fwd (5#-ttgcggccgcaaAAAAGAAAACATAACCGAAGAGACGGTTT-3#) and DCF pro -rev (5#-ttgcggccgcaaTTCAATGAAAGAAATCGAAAAACGTATG-GA-3#). Following restriction digestion, the promoter sequence was ligated into the NotI site of the pENTR SD/D TOPO cloning vector upstream of the corresponding coding sequence. Orientation and identity were verified by sequencing. To obtain HA tag fusions, the construct was introduced into the promoterless pEarleyGate301 plant transformation vector (Earley et al., 2006) using LR Clonase (Invitrogen) according to the manufacturer's protocol.
A C-terminal YFP-HA tag fusion construct was generated by replacing the NcoI/MunI cassette from pEarleyGate301 by the NcoI/MunI cassette derived from pEarleyGate101 (Earley et al., 2006) . For heterologous expression in Escherichia coli, the coding sequence without the native start codon was recombined into the pDEST17 bacterial expression vector (Invitrogen), which introduces an N-terminal 63 His tag, using LR Clonase (Invitrogen) according to the manufacturer's protocol.
Heterologous Expression and Enzyme Purification
Each construct was introduced into BL-21 Star (DE3) chemically competent E. coli (Invitrogen) according to the manufacturer's instructions. A single bacterial colony, grown on Luria-Bertani agar containing 100 mg mL 21 carbenicillin, was isolated to inoculate a 5-mL liquid culture supplemented with 100 mg mL 21 carbenicillin and grown overnight at 37°C. The overnight culture was used to inoculate a 0.2-L Luria-Bertani culture containing 100 mg mL 21 carbenicillin, which was grown at 37°C until the optical density at 600
nm reached approximately 0.5. Expression was induced by the addition of 1 mM isopropyl-b-D-thiogalactopyranoside, and the culture was further grown at 20°C overnight. The recombinant protein was affinity purified using a HISSelect HF Nickel Affinity Gel (Sigma-Aldrich) according to the manufacturer's instructions and desalted with PD-10 desalting columns (GE Healthcare). Purity and integrity were verified by SDS-PAGE, and the recombinant protein was stored at 220°C in 20 mM Tris buffer, pH 7.5, containing 20% (v/v) glycerol.
Hydroxycinnamoyl-CoA-Transferase Assay
If not otherwise indicated, transferase assays were performed at 50°C for 2 h in 50-mL reactions containing 50 mM Tris buffer, pH 7.5, 200 mM hydroxycinnamate-CoA, 1 mg of recombinant or 50 mg of total plant protein, and 1 mM acyl acceptor. The reactions were terminated by boiling for 10 min at 95°C. After the addition of 50 mL of methanol, reactions were subjected to HPLC. HPLC analysis was carried out using a Dionex Ultimate 3000 apparatus with UV detection. Samples were separated on a reverse-phase C18 column (Synergy 4u Fusion-RP 80A, 250 3 2.0 mm; Phenomenex). Prior to injection (20 mL), the samples were spin filtered (0.45 mm). 
Extraction and HPLC Separation of Wall-Bound Phenolics
Frozen plant material was ground to a fine powder in liquid nitrogen, immersed in hot isopropanol, and extracted twice in isopropanol (85°C for 30 min) and for 2 h at room temperature. Soluble lipids were sequentially extracted with chloroform:methanol (2:1, v/v) for 2 h, chloroform:methanol (1:2, v/v) overnight, and methanol for 2 h. All steps were performed in 10-mL Teflon tubes at room temperature on a rocking agitator with 5 mL of solvent. Insoluble residues were vacuum dried for 24 h in a Speed-Vac at 30°C and subsequently used for lipid composition analysis or further processing. Total wall-bound phenolics were extracted by hydrolyzing about 20 mg of delipidated insoluble residue in 4 mL of 2 N sodium hydroxide at 22°C for 16 h. After acidification with 0.8 mL of concentrated hydrochloric acid, samples were extracted three times in ethyl acetate. The combined supernatants were dried under a stream of nitrogen and solubilized in 50% (v/v) methanol. Alternatively, prior to hydrolysis, pectins were removed by sequential extraction in 50 mM sodium phosphate, pH 7.1, 50 mM CDTA, and 50 mM sodium carbonate. Xylans were extracted from pectin-free residues with endo-b-xylanase and driselase (Sigma-Aldrich) as described elsewhere ). Fractions were freeze dried and then separately hydrolyzed and extracted in ethyl acetate as described above. HPLC separation was done as described above with a gradient of solvent A (0.2% trifluoroacetic acid) and solvent B (acetonitrile) as follows: 0 to 5 min, 10% B isocratic; 5 to 25 min, 10% to 30% B linear; 25 to 40 min, 30% B isocratic; 40 to 45 min, 30% to 35% B linear; 45 to 46 min, 35% to 100% B linear; 46 to 51 min, 100% B isocratic; 51 to 53 min, 100% to 10% B linear; 53 to 60 min, 10% B isocratic. Statistical analyses were carried out using Student's t test.
Protein Extraction and Immunoblotting
Plant material was ground in liquid nitrogen. Soluble protein was extracted in 1 mL of 10 mM Tris, pH 7.5, 400 mM Suc, and 1 mM dithiothreitol. The resulting homogenate was thoroughly shaken for 20 min at 4°C, filtered through two layers of Miracloth, and centrifuged for 10 min at 1,500g. The resulting supernatant was centrifuged at 100,000g at 4°C for 60 min, and the supernatant (F1) containing predominantly cytosolic proteins was collected. To extract membrane and other residual proteins, the microsomal pellet was resuspended in 10 mM Tris, pH 7.5, 10% (v/v) glycerol, 1 mM dithiothreitol, and 0.5% (v/v) Triton X-100 and incubated for 30 min on ice. Protein concentrations were determined according to Bradford (1976) . For immunoblot analysis, protein extracts were resolved by SDS-PAGE on 7% to 15% gradient gels and blotted onto nitrocellulose membranes (GE Healthcare). Blots were probed with a 1:1,000 dilution of rabbit anticFBPase (Agrisera; AS04 043) or anti-calreticulin (Abcam; ab2907) or a 1:10,000 dilution of rabbit anti-HA or mouse anti-poly-His antibody, respectively (Sigma-Aldrich), followed by a 1:20,000 dilution of goat antirabbit or goat anti-mouse IgG conjugated to horseradish peroxidase (Sigma-Aldrich),
Microscopy
Tissue samples were mounted in 10% (v/v) glycerol. Cells were plasmolyzed in 1 M potassium nitrate. Images were collected using a Leica MZ16F fluorescence stereomicroscope with 470 or 360 nm for GFP or UV light excitation, respectively. Confocal laser scanning microscopy was performed using a Zeiss LSM 710 equipped with an argon laser (514 nm for YFP excitation). Emission was collected at 510 to 545 nm. The pinhole diameter was set at 1 Airy unit. Images were processed in ImageJ 1.42q (http://rsb.info.nih. gov/ij) and Adobe Photoshop (Adobe Systems).
Determination of Lipid Composition
Insoluble residues were prepared as described above and subsequently depolymerized by acid-catalyzed transmethylation with methanolic hydrochloric acid essentially as described by Franke et al. (2005) . In brief, acidcatalyzed transmethylation of insoluble residues (about 40 mg) was done by incubation for 2 h at 80°C in 2 mL of 3 N methanolic hydrochloric acid containing 10% (v/v) methyl acetate as cosolvent and 20 mg of methyl heptadecanoate as internal standard. After the addition of 1 mL of saturated sodium chloride/water, fatty acid methyl esters were extracted twice in dichloromethane. Phases were separated by centrifugation for 2 min at 1,500g. The organic phases were combined, washed with 2 mL of 0.9% (w/v) sodium chloride, dried over anhydrous sodium sulfate, and evaporated under a gentle stream of nitrogen gas. For GC-MS analysis, fatty acid methyl esters were derivatized for 15 min at 100°C in 0.1 mL of N,O-bis(trimethylsilyl)-trifluoroacetamide and 0.1 mL of pyridine, dried under a stream of nitrogen gas, and dissolved in ethyl acetate. GC-MS was carried out as described by Molina et al. (2006) .
LC-APCI-MS
Liquid chromatographic separation was conducted on an Inertsil ODS-3 reverse-phase column (250 3 2.1 mm, 3-mm particle size; GL Sciences) using a 1200 HPLC system (Agilent). The injection volume was 2 mL. The sample tray and column compartment were maintained at 4°C and 55°C, respectively. The mobile phase was composed of water (solvent A) and methanol (solvent B). Analytes were separated at a flow of 0.25 mL min 21 with the following gradient: 0 to 5 min, 90% to 98% B linear; 5 to 25 min, 98% B isocratic; 25 to 32 min, 98% to 90% B linear; 32 to 40 min, 90% B isocratic. The HPLC system was coupled to an Agilent Technologies 6210 time-of-flight (TOF) mass spectrometer. Nitrogen gas set to 10 L min 21 and 30 c was used as nebulizing and drying gas. A drying gas temperature of 325°C was used throughout. The vaporizer and corona were set to 350°C and 4 mA, respectively. APCI was conducted with a capillary voltage of 3 kV. MS experiments were carried out in the full-scan mode (m/z 102-1,000) at 0.85 spectra s 21 . The instrument was tuned for a range of m/z of 50 to 1,700. Prior to LC-APCI-TOF MS analysis, the TOF MS device was calibrated with the Agilent APCI TOF tuning mix. Data acquisition and processing were performed by the MassHunter software package (Agilent).
RT-PCR
RNA was extracted using the RNEasy RNA Plant Kit (Qiagen) according to the manufacturer's protocol. One microgram of total RNA was reverse transcribed with SuperScript II reverse transcriptase and d(T) 15 oligomers (Invitrogen) according to the manufacturer's protocol. Real-time PCR was done with ABsolute SYBR Green ROX Mix (ABgene) on a StepOnePlus RealTime PCR System (Applied Biosystems) according to the conditions described earlier (Czechowski et al., 2005) using StepOne 2.0 software (Applied Biosystems). DCF was amplified using primers 5#-CCGGTAGTAGTTCAGGTGA-CAA-3# (forward) and 5#-GGGACGGATAAAGGAAGACC-3# (forward). As a reference, primers for UBQ10 (5#-GGCCTTGTATAATCCCTGATGAA-TAAG-3# [forward] and 5#-AAAGAGATAACAGGAACGGAAACATAGT-3#
[forward]) were used.
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1 . Chlorophyll extraction from rosette leaves.
Supplemental Figure S2 . Susceptibility of dcf mutants to fungal and bacterial pathogens.
Supplemental Figure S3 . Susceptibility of dcf mutants to herbivores.
Supplemental Figure S4 . Pairwise alignment of HHT/ASFT and DCF fulllength amino acid sequences.
Supplemental Figure S5 . Bootstrapped neighbor-joining tree of the Arabidopsis BAHD gene family of acyl-CoA-dependent acyl-transferases.
